The impact of vapour compression refrigeration is the main push for scientists to find an alternative sustainable technology. Vapour absorption is an ideal technology which makes use of waste heat or renewable heat, such as biomass, to drive absorption chillers from medium to large applications. In this paper, the aim was to investigate the feasibility of a biomass driven aqua-ammonia absorption system. An estimation of the solid biomass fuel quantity required to provide heat for the operation of a vapour absorption refrigeration cycle (VARC) is presented; the quantity of biomass required depends on the fuel density and the efficiency of the combustion and heat transfer systems. A single-stage aqua-ammonia refrigeration system analysis routine was developed to evaluate the system performance and ascertain the rate of energy transfer required to operate the system, and hence, the biomass quantity needed. In conclusion, this study demonstrated the results of the performance of a computational model of an aqua-ammonia system under a range of parameters. The model showed good agreement with published experimental data.
Introduction
Refrigeration and cooling demand, either for indoor climate control or preservation and chilling purposes, cuts across every region of the globe. Conventional refrigeration and air-conditioning systems are high energy intensive systems [1, 2] . In cases where a vapour compression refrigeration cycle (VCRC) applies, and a conventional energy source is used, the resulting climatic impact is two-fold-the effect of carbon dioxide emission from fossil fuel, and the ozone depletion effect from Hydrochlorofluorocarbons (HCFCs) and Hydrofluorocarbons (HFCs) refrigerants used in these systems. Research and development of technologies, aimed at reducing both the energy consumption and environmental impact of these systems, is on-going [3, 4] . Ground source heating and cooling is one such emerging technology [5] . This involves exploring the ground's huge capacity to receive and supply heat for space heating and cooling. Others are solar powered refrigeration systems (mechanical compression or thermal sorption) [6, 7] , ground coupled solar panel cooling [8] , and passive heating and cooling [1] . Passive heating and cooling involves strategic control of thermal conditions in buildings to improve indoor atmospheric conditions with near-zero energy consumption. The technology promises a huge energy benefit. However, its impact falls outside heavy refrigeration demands, and its application to existing buildings will be of high capital intensity, where possible. The vapour absorption refrigeration cycle (VARC) is a thermally driven system with very low electrical energy demand compared with the VCRC. VARC uses ozone depletion-free and environmentally friendly refrigerants. The thermal requirement of the VARC system can be met by inexpensive sources such as waste heat from industrial processes, and exhaust heat from engines, solar and biomass.
As part of a trigeneration system, VARC is driven by hot water (Figure 1 ) generated in the boiler and split in three ways by three separate valves leading to the three applications. Operation of the absorption refrigeration systems with solar heat was studied by [7, [9] [10] [11] [12] [13] [14] , and operation with waste heat recovery was studied by [15] [16] [17] [18] . However, literature on biomass driven absorption cooling is scarce. In this paper, a computer model for the evaluation of a single-stage aqua-ammonia vapour absorption refrigeration system is developed. An important and new novelty aspect of this model is that the performance of the refrigeration cycle is coupled with the biomass fuel necessary to achieve it, and also, the determination of the actual value of the refrigerant vapour at the generator exit (state point 7, Figure 2 ) using the vapour split Rachford-Rice equation [19] which previous researchers have assumed to be 100%; whereas, in this paper, it is actually determined using a combination of Equations (17)- (19) . 
Biomass Source to Drive Absorption Refrigeration
Biomass refers to fuels produced directly or indirectly from organic materials. This includes plants, agricultural, domestic and industrial wastes. Biomass is carbon neutral and has been in use for energy production since the beginning of time; for many parts of the world, it is still the main source of heat. The growing production of biomass in recent times falls on the back of fossil fuel market volatility, environmental considerations, security concerns and energy supply diversification. Modern technologies have improved the efficiency of biomass fuels and enhance its cleanness far more than the traditional uses which are mainly open fires. As the fourth largest energy source, it is widely recognised as a potential sustainable global source of energy. The main annual global production of biomass is estimated to be equivalent to the 4500 EJ of the annual global energy capture contributing about 10% of the global primary energy demand mainly in the form of traditional non-commercial biomass [20] ; but now, biomass is known to be applied on a large scale with biomass boilers of over 500 MWth [21] ; the potential to produce 50% of Europe's total energy requirement from purposefully grown biomass such as dedicated energy crops and short rotation coppice (SRC) is proposed [22] . Most renewable energy sources depend on back-up power or a battery bank to forestall intermittent supply [23] . Biomass is one renewable source that can be used in many applications with hardly any need for back-up. This versatility is further enhanced by the emerging conversion technologies and the improvement of the existing ones, making it a flexible energy source [24] . However, the economic and environmental gains of biomass fuels are influenced by the proximity of the field-storage, and mode of transportation to the point of utilsation [25] . Biomass used for fuels is categorized into two main groups [26] . 
Modelling of the Aqua-Ammonia Refrigeration System
Figure 2 is a schematic of the VARC. The refrigerant vapour leaving the evaporator at state 10 (low temperature and pressure side) is absorbed by a weak solution of ammonia coming from a pressure reduction valve at state point 6. After absorbing ammonia vapour, it becomes a strong solution with respect to the concentration of ammonia in solution, and leaves the absorber at state 1 as a saturated liquid-the enthalpy of condensation being rejected and hence, the heat rejection Q a in the absorber. A liquid pump increases the pressure of the strong solution from the evaporator pressure (p e ) to the condenser pressure (p c ) through the solution heat exchanger where it is preheated by the warm weak solution and enters the generator at state 3. The strong solution is heated in the generator to liberate the refrigerant. The weak solution leaves the generator at state 4 through the solution heat exchanger and leaves the solution expansion valve (pressure reduction valve) at state 6 back to the absorber. The refrigerant enters the condenser at state 7 at high pressure p c and the heat Q c is rejected to the surroundings by condensation at higher temperature. The liquid refrigerant leaves the condenser at state 8 and undergoes isentropic expansion, and enters the evaporator at state 9 where heat Q e is added from the space being cooled at low pressure, causing the refrigerant to boil, and the vapour leaves to the absorber at state 10, where it is absorbed by the weak solution.
Based on Figure 2 ,ṁ 1 ,ṁ 6 andṁ 10 (kg/s) are respectively, the flow rates of the strong solution, weak solution and the refrigerant, and x 1 , x 6 and x 10 are ammonia mole fraction in the weak solution, strong solution and the refrigerant. h i (kJ/kg) is the state point enthalpy i = 1, 2, . . . , n is the state point. Q i (kW) is the energy rate of change, where i = A, C, E, G for the absorber, condenser, evaporator and generator, respectively. T jk is the flow temperature where j is the component initial and k indicates flow direction-i for inlet and o for outlet. COP re f -the performance coefficient of the refrigeration cycle-is the ratio of the heat supplied in the generator to the rate of heat transfer to the system from the surroundings (refrigeration capacity). Combining Equations (2) and (3):
Circulation ratio (f ): f =ṁ 1 /ṁ 10 (4)
Similarly,
Energy balance-absorber:
From Equations (4) and (5),
Energy balance-heat exchanger:
whereṁ r =ṁ 10 =ṁ 7 -refrigerant mass flow, x 1 = x 2 = x 3 = X ss -strong solution (with respect to the ammonia concentration in solution) and x 4 = x 5 = x 6 = X ws -the weak solution.
Assume pump work w p ≈ 0 (negligible), the enthalpy at the generator inlet:
Energy balance-generator:
Energy balance-condenser:
Energy balance-evaporator:
Coefficient of performance:
Governing Equations
In order to fix the thermodynamic state for a compressible binary solution, the composition is required in addition to the two independent properties-temperature and pressure. The bubble point (T b ) and dew point (T d ) temperatures are calculated from the correlations developed by Patek and Klomfar [27] -Equation (13) .
where T is temperature (K), T 0 , T b and T d are the reference, bubble and dew points temperatures, respectively. The coefficients are shown in Tables 1 and 2 . x and y are the ammonia mole fraction in the liquid and vapour phases, respectively. p 0 = 2 MPa and T 0 = 100 K. The reduced thermodynamic properties are as follows:
The composition of the solution phase is estimated from Equation (15), developed from Equation (13) . To estimate the composition in the vapour phase, the vapour split, V/F, from Equation (18) is calculated from the Rachford-Rice [19] flash Equation (17) numerically using Matlab (fzero) function. The vapour composition is obtained from Equation (19) .
K-value defines the ratio of each component:
F in the above Equations represents the feed with composition z i . V (with composition y i ) is the vapour product and L (with composition x i ) is the liquid product. The Equations for the enthalpy and the Gibbs free energy equation [28] [29] [30] are as follows:
The correlation for the heat capacity at constant pressure Cp and volume v are given below:
Equations (21)- (22) were solved with Mathcad using the correlations (23)- (26), to obtain (27) and (28) . Equations (29) and (30) are the liquid (h liquid ) and vapour (h vapour ) phase enthalpy. The coefficients [28] are shown in Tables 3 and 4 . 
Equations (29) and (31):
h E is the energy of mixing as shown in Equation (30) . 
Similarly, the vapour phase enthalpy is given as shown in (31) where y is the ammonia vapour fraction.
The computation procedure for the analysis was implemented in Matlab. The coefficient of performance (COP), and the rate of energy due to the absorber, condenser, and generator are computed. The refrigeration capacity (Q E ) is calculated (if it is not given as an input parameter) from the refrigerant mass flow; and the refrigerant mass flow is calculated if the Q E is given instead.
Boiler Heat Exchanger Description
Unlike the VCRC which relies on the power of the compressor-a high electrical energy consuming device-the VARC combines the affinity of the binary solution, a comparatively low energy consuming solution pump and thermal energy for the regeneration of the refrigerant and transport of fluid around the refrigeration cycle. The regenerating unit of the VARC can be operated by low grade heat from a variety of thermal sources including solar collectors, waste process heat from an exhaust and hot water or steam generating processes. Biomass solid fuels can be used to provide the required energy via the production of hot water [17] . The quantity of biomass required to operate a VARC for a given load is estimated based on the calorific value of the species. The heat generated in the boiler, from combusting biomass fuel, is used to heat water flowing through its circuitry and provides energy that is transferred through a heat exchanger to the generator circuit. A counter flow heat exchanger configuration (Figure 3 ) is used to enhance heat transfer of the hot water from the boiler to the regenerating unit.
The amount of heat required to raise the temperature of a substance is given as:
For a continuous flow rate of change,
For a set temperature of hot water coming from the boiler and assuming that for the heat exchanger:
• Steady operating conditions apply; • The heat exchanger is well insulated so that the heat loss to the surroundings is negligible; • The kinetic and potential energy changes of the fluid are very small and negligible; • No fouling conditions apply;
• The properties of the fluid remain the same throughout the process.
the rate of heat required for the generator, for a set inlet and exit temperature, is estimated, and hence, the biomass quantity required for the load and operating duration:
andQ
For a heat exchanger effectiveness of E,
the rate of heat for Equations (34)- (36) is assumed to be same. For boiler efficiency of η B and full load heating hours' equivalent (FLHE), the energy required E R and the biomass fuel quantity required B Q , is estimated thus:
where Q hx is the rate of heat transfer from the heat exchanger.
F d is the fuel density of the biomass species. The quality of combustion in the boiler depends on several factors including design, air velocity, air temperature, etc. The influence of the design factor which can be evaluated by Computational Fluid Dynamics (CFD) analysis [31] , is not directly considered but assumed to be built into the boiler efficiency and the effectiveness of the heat exchanger. 
Result and Discussion
For a given operating condition, the quantity of biomass in tonnes/kW required would vary in accordance with the energy density of the species. To perform an estimation calculation, the rate of heat transfer to the generator is first calculated. This is done by the computer simulation as described above.
Biomass Quantity Required
The rate of energy transfer due to the heat exchanger (Figure 3) , the generator and the heat-loss is calculated as follows [13] :
where
Equation (41) is the total rate of energy loss for the system apart from the boiler, and Equation (42) relates the energy transfer rate due to the heat exchanger to that of the generator. The biomass quantity required is given by Equation (43), where Q G is the rate of energy transfer at the generator of the absorption refrigeration system. The equation shows that the quantity of biomass required for a given load over a time period would depend on the density of the biomass species and the boiler efficiency. Four biomass solid fuel types were compared. The energy densities are given in Table 5 . It is observed that the higher the energy content of the fuel (kWh/tonne), the less the quantity required. Figure 4 . shows that the higher the temperature of the generator, the higher the quantity of fuel required, provided all other operating conditions are held constant. The mass of fuel required increased as the flow rate of hot water from the boiler is increased ( Figure 5 ). Woodchips with the least dense energy content of the fuels under consideration, require nearly twice the mass of wood, with the highest energy content, for the same operation. 
Absorption Refrigeration
In calculating the COP, it is assumed that no pressure drops except through the expansion valves and the flow pumps. Pumping is isentropic; at state points 1, 4, and 8, the liquid is saturated; the composition of the solution at state points 1, 2, and 3 (strong solution), and 4, 5, and 6 (weak solution) remain unchanged throughout the process. The condenser pressure (high pressure) is the same as that at state points 3, 4 and 7, while the evaporator pressure (low pressure) holds for points 1, 6 and 10. The pump work is neglected, the refrigerant heat exchanger is not considered, and the generator is considered a single unit. simulated results from the absorption refrigeration cycle model developed were compared with published dated from the referenced authors [33] [34] [35] . The comparison was selected to reflect conditions of both light
.42 kPa, p c = 1166.92 kPa) requirements. The results, show close similarity with a variation of ±0.02. Table 6 shows the comparison of the variation of the solution composition and refrigerant circulation ratio with generator temperature. The variation of the energy rate of change in the various heat-exchanger units and COP with the generator temperature is presented in Tables 7 and 8 . The slight divergence in the result is to be expected partly due to the assumptions made. The temperature and pressure of the solution at the heat exchanger are computed by the model. Also, the composition of the refrigerant vapour at the exit of the generator is computed and not assumed; these parameters are normally estimated. In the calculation of the COP, the solution pump work was considered in the references. However, it is neglected in this work ( Figure 6 ). 
Conclusions
A routine for the analysis of a single stage aqua-ammonia refrigeration system has been developed. It estimates the concentration of the strong and the weak solutions as well as calculating the concentration of ammonia in the refrigerant vapour. The calculated COP, properties and rate of energy transfer in all components are reasonably approximated. Simulation results were produced for a practical range of heat inputs. Results were compared with published data and found good agreement. The use of biomass thermal energy which is renewable is proved to provide a CO 2 free refrigeration option. However, the economic viability and carbon footprint will depend on availability, proximity to source, system size, full load operating hours and storage capacity required. Prediction of the biomass quantity required could be useful in the economic evaluation of the feasibility of operating an absorption refrigeration system with biomass, particularly for areas with access to biomass.
